Abstract: This paper develops an intelligent robust control algorithm for a class of uncertain nonlinear multivariable systems by using a recurrent -cerebellar-modelarticulation-controller (RCMAC) 
Introduction
In recent year, controls of uncertain nonlinear systems have been one of active research topics for many control engineering. Various control efforts have been utilized to design and analyze the uncertain nonlinear systems. Sliding mode control (SMC) has been confirmed as a powerful robust scheme for controlling the nonlinear systems with uncertainties [1] , [2] . The most outstanding features of SMC are insensitive to system parameter variations, fast dynamic response and external disturbance rejection [1] . However, in practical applications, SMC suffers two main disadvantages. One is that it requires the system models that may be difficult to obtain in some cases. The other is that because the magnitude of uncertainty bound is unknown, the large uncertainty bound is often required to achieve robust characteristics; however, this will lead the control input chattering.
Neural networks (NNs) possess several advantages such as parallelism, fault tolerance, generalization and powerful approximation capabilities, so that NNs have been applied for system identifications and controls [3] - [6] . Some significant results indicate that the main property of NNs is adaptive learning so that it can uniformly approximate arbitrary input-output linear or nonlinear mappings on closed subsets. Based on this property, a number of researchers have proposed the NN-based adaptive sliding mode controllers which combine the advantages of the sliding mode control with robust characteristics and the NNs with on-line adaptive learning ability; so that the stability, convergence and robustness of the system can be improved [7] - [9] . For example, Lin and Hsu presented an NN-based hybrid adaptive sliding mode control system [7] ; in this approach, NN is used as a compensation controller. In [8] , Tsai etc. presented a neuro-sliding mode control that utilized two parallel neural networks to realize equivalent control and corrective control; thus the system performance can be improved and the chattering can be eliminated. In [9] , Da introduced an identification-based sliding mode control and the bound of uncertainties is also not required. However, the above approaches suffer the computational complexity.
On the neural network structure aspect, NNs can be classified as feedforward neural network (FNN [3] , [5] , [8] , [9] ) and recurrent neural network (RNN [4] , [6] , [7] ). As known, FNN is a static mapping. Moreover, the weight updates of FNNs do not utilize the internal network information so that the function approximation is sensitive to the training data. For RNNs, of particular interest is their ability to deal with time varying input or output through their own natural temporal operation [7] . Thus, RNN is a dynamic mapping and demonstrates good control performance in the presence of unmodelled dynamics. However, no matter for In order to resolve the static CMAC problem and preserve the main advantage of SMC with robust characteristics, this paper develops an intelligent robust control algorithm for a class of uncertain nonlinear multivariable systems via sliding mode technology. The proposed control system is comprised of an adaptive recurrent CMAC (RCMAC) and a robust controller. The adaptive RCMAC is a main tracking controller utilized to mimic an ideal sliding mode controller, and the parameters of the adaptive RCMAC are on-line tuned by the derived adaptive laws. Moreover, based on the  H control approach, the robust controller is employed to efficiently suppress the influence of residual approximation error between the ideal sliding mode controller and the adaptive RCMAC, so that the robust tracking performance of the system can be guaranteed. Finally, two examples are presented to support the validity of the proposed control algorithm.
System Description
Consider the nth-order multivariable nonlinear systems expressed in the following form:
where
is the control input vector of the system,
is the system output vector,
is the state vector of the system, C-H. Chen et al.
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is an unknown but bounded smooth nonlinear function,
is an unknown but bounded control input gain matrix,
is an external bounded disturbance.
Assume that the nominal model of the multivariable nonlinear systems (1) can be represented as G can be chosen to be positive definite and invertible. If the external disturbance and uncertainties are included, the multivariable nonlinear systems (1) can be described as 
Then (1) can be expressed as state and output equations as follows: The objective of a control system is to design a suitable controller such that the system state vector ) (t
To begin with, define the tracking
and the tracking error vector of the system is defined as
The reference trajectory dynamic equation can be expressed as )
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Sliding Mode Control System
Sliding mode control (SMC) is one of the effective nonlinear robust control schemes since it provides system dynamics with an invariance property to uncertainties once the system dynamics are controlled in the sliding mode [1] , [2] . In general, SMC design can be derived into two phases, that is the reaching phase and the sliding phase. The system state trajectory in the period of time before reaching the sliding surface is called the reaching phase. Once the system trajectory reaching the sliding surface, it stays on it and slides along the sliding surface to the origin is the sliding phase. When the states of the controlled system enter the sliding mode, the dynamics of the system are determined by the prespecified sliding surface and are independent of uncertainties. In order to implement SMC, the first step is to select a sliding surface that models the desired closed-loop performance in state variable space. Then, design the control law such that the system state trajectories are forced toward the sliding surface and stay on it. Thus, the sliding hyperplane can be defined as:
satisfies that all roots of the equation: . If the sliding mode exists on the sliding surface, then the motion of the system is governed by the linear differential equation presented in (7) whose behavior is dictated by the sliding surface design [1] , [2] . Thus, the tracking error vector decays exponentially to zero, so that perfect tracking can be asymptotically achieved. Thus the control objective becomes the design of a control law to force 0 )) ( (  t e s . A sufficient condition for the existence and reachable of the sliding hyperplane in the system state space is to choose the control law such that the following reaching condition is satisfied:
where i σ is a small positive constant. Taking the time derivative of both sides of (7) and using (6), yields
Therefore, an ideal sliding mode controller ISMC u which guarantees the reaching condition must satisfy the following condition:
If the system dynamics and the lumped uncertainty are exactly known, an ideal sliding mode controller can be designed as follows to satisfy inequality (11)
where ) ( sgn is a sign function and ) , .... , , .... , (
. However, in practical applications, the dynamical functions are not precisely known, and the lumped uncertainty is always unknown. Therefore, the ideal sliding mode controller in (12) is unobtainable. Thus, an intelligent robust control algorithm based on RCMAC and sliding mode technology is proposed in the following section to achieve robust tracking performance.
Intelligent Robust Control Algorithm
The configuration of the intelligent robust control algorithm, which consists of an adaptive RCMAC and a robust controller, is depicted in Fig. 1 .
The control system is assumed to take the following form:
where ARCMAC u is an adaptive RCMAC and RC u is a robust controller. The adaptive RCMAC ARCMAC u is a main tracking controller utilized to mimic the ideal sliding mode controller, and the parameters of the adaptive RCMAC are on-line tuned by the derived adaptive laws from the Lyapunov function. The robust controller RC u is employed to efficiently suppress the influence of residual approximation error between the ideal sliding mode controller and adaptive RCMAC, so that the robust tracking performance of the system can be guaranteed.
-13 - Figure 1 The configuration of the intelligent robust control system
Description of RCMAC
An RCMAC is proposed and shown in Fig. 2 , in which T denotes a time delay. This RCMAC is composed of input space, association memory space with recurrent weights, receptive-field space, weight memory space and output space.
Input Space
Receptive -Field Space
Weight Memory Space Association Memory Space
Recurrent Unit
Figure 2 Architecture of an RCMAC
The signal propagation and the basic function in each space are described as follows. 
In this space, each block performs a receptive-field basis function, the Gaussian function is adopted here as the receptive-field basis function, which can be represented as 
. The multi-dimensional receptive-field functions can be expressed in a vector form as
where 
, and kp w denotes the connecting weight value of the p-th output associated with the k-th receptive-field.
5) Output space O :
The output of RCMAC is the algebraic sum of the activated weights in the weight memory, and is expressed as
The outputs of RCMAC can be expressed in a vector notation as
In the two-dimensional case shown in Fig. 3 , the output of RCMAC is the sum of the value in receptive-fields
and ,
where the input state is (0.8,0.8). The architecture of RCMAC is designed to have the advantages of simple structure with dynamic characteristics. The role of the recurrent loops is to consider the past value of the receptive-field basis function in the association memory space. Thus, this RCMAC has dynamic characteristics.
Robust Controller Design
Subtracting (12) respectively. However, the optimal RCMAC cannot be obtained; thus, an estimating RCMAC is used to estimate the optimal RCMAC. From (20) , the control law (13) can be rewritten as follows: 
Rewriting (25), it can be obtained that β
-18 -Substituting (25) and (29) into (24), yields
where the approximation error . ) (
In case of the existence of , ω consider a specified  is a prescribed attenuation constant. If the system starts with initial , this is the case of minimum error tracking control without approximation attenuation [18] . Therefore, the following theorem can be stated and proved.
Theorem 1:
Consider the nth-order multivariable nonlinear systems represented by (1) . The intelligent robust control system is defined as in (13), in which the adaptive laws of RCMAC are designed as in (33)-(36) and the robust controller is designed as in (37). Then, the robust tracking performance in (31) can be achieved for the prescribed attenuation level ..., 2, 1, ,
)) ( (
)) ( ( 
From (33)-(36) and using (37), (40) can be rewritten as
Since 0 ) (  T V , the above inequality implies the following inequality
Using (38), the above inequality is equivalent to the following
Thus the proof is completed.
Simulation Results
To illustrate the effectiveness of the proposed control system, it is applied to control a Chua's chaotic circuit and a three-links robot manipulator. Moreover, an adaptive fuzzy neural network controller (AFNNC) [19] and the proposed RCMAC are applied to these two systems for comparison. ) as shown in Fig. 4 .
The dynamic equations of the Chua's circuit are written as [20] 
The dynamic equation (45)- (47) can be rewritten as
The external disturbance is given as . 
. The desired trajectories come from the reference model outputs that are chosen as 
The reference inputs are unit periodic rectangular signals. For the proposed control scheme, the sliding hyperplane is design as ). ( ) -23 - A three-links robot manipulator is depicted as Fig. 7 . The dynamic equation is given as follows [21] :
where ). The detail data of system parameters are given in Table 1 . Table 1 The system parameters of robot manipulator The simulation results of RCMAC for the three-links robot manipulator are shown in Fig. 9 . . From the simulation results comparison, the proposed RCMAC can also achieve better control performance with smaller tracking error than the AFNNC. Moreover, the chattering phenomenon in AFNNC has been much reduced by applying RCMAC. 
Conclusions
This paper proposes an intelligent robust control system for a class of uncertain nonlinear multivariable systems via sliding mode technology. The proposed control system consists of an adaptive RCMAC and a robust controller. The adaptive RCMAC is a main tracking controller utilized to mimic the ideal sliding -32 -mode controller, and the parameters of the adaptive RCMAC are on-line tuned by the derived adaptive law from a Lyapunov function. Based on the  H control approach, the robust controller is employed to efficiently suppress the influence of residual approximation error between the ideal sliding mode controller and adaptive RCMAC, so that the robust tracking performance of the system can be guaranteed. Finally, the simulation results of two multivariable nonlinear systems have demonstrated the effectiveness of the proposed control scheme.
